Objective: To compare the long-term effects of external focus (EF) and internal focus (IF) of attention after 4 weeks of arm training.
during motor training. What we direct our attention to can affect how well we learn new motor skills or relearn lost skills after injury. 2 Within a motor learning framework, attentional focus is what someone actively thinks about while performing a motor task. 3 Two common types of attentional focus are internal focus (IF) and external focus (EF). IF directs a person to think about how he or she is actually moving his or her body during a motor task, whereas EF directs a person to think about the result of his or her movementdthe end goal. 2 A clinician can provide specific instructions or cues prior to motor performance to direct a patient to either an IF or an EF during motor tasks. According to the constrained action hypothesis, adopting EF allows a healthy individual to use automatic motor control processes that naturally occur in the motor system to facilitate motor skill learning, whereas IF disrupts the automaticity of the motor system, impeding maximum motor performance. [4] [5] [6] [7] Research involving healthy individuals widely supports the use of an EF of attention during motor training to facilitate greater retention of motor improvements. 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] Furthermore, IF may actually interfere with the acquisition of new motor skills. 5, 15 Few studies [17] [18] [19] have specifically examined the role of attentional focus during motor performance in individuals recovering from stroke. An EF approach has been shown to be more beneficial than an IF approach to improve temporary performance of arm reach in individuals with mild arm impairment after a single training session. 17, 18 No differences were found between an EF and IF approach during performance of lower limb stepping in individuals with moderate leg impairment. 19 To our knowledge, this is the first study to investigate the effects of attentional focus on the retention of upper extremity motor skills. Based on the constrained action hypothesis 5, 15 and existing attentional focus literature, we hypothesized that the EF group would achieve greater retention in arm ability versus the IF group after completing 12 sessions of robotic arm training.
Methods Participants
Institutional review board approval was obtained from the academic institution in the New York metropolitan area where the study was conducted. All data collection was completed in an outpatient robotics research laboratory in the department of rehabilitation medicine. Prospective participants provided written informed consent at the start of the screening visit. See appendix 1 for complete inclusion/exclusion criteria, table 1 for key characteristics of the participants, and figure 1 for the Consolidated Standards of Reporting Trials flow diagram.
Study design
This was a randomized experimental study that used a mixedsubject repeated-measures analysis of variance design. Participants were randomly assigned to either an EF or IF group. Group assignment was the between-group factor, and time was the within-group factor for primary outcome measures. A block randomization strategy was implemented using SPSS-generated random number sequences. a A member of the research team not involved with the study treatment or outcome measurement implemented the block randomization and allocated subjects to group assignment based on their level of arm impairment and order of acceptance into the study. Treatment dose was defined as the number of repetitions completed, rather than treatment time, because level of impairment could affect the time needed to complete training. All data were analyzed using SPSS Version 23. The effect of arm training was measured by joint independence, Fugl-Meyer Assessment (FMA), and Wolf Motor Function Test (WMFT) from baseline to discharge; retention was measured by the same outcomes from discharge to 4-week follow-up.
Arm training
Participants in both groups trained using the adaptive mode of the InMotion ARM, b which standardized arm training to a clock pattern on a horizontal plane. The robot provided physical assistance if participants did not initiate movement in a certain amount of time or veered away from a straight path. Training on the InMotion ARM allowed individuals with moderate-to-severe arm impairment to participate in highly intensive arm therapy while minimizing frustration. Participants in both groups practiced the same movement patterns throughout the protocol. However, the practice condition and the verbal instructions for each group were different to better isolate the assigned attentional focus.
EF group
The EF group was directed to focus their attention at a video monitor and to move a yellow ball to various targets on the clock design. The affected arm was occluded from view during training to encourage attention to the goal of the video game instead of the moving limb. See figure 2A for the EF practice condition.
IF group
Participants practiced the same arm training protocol, but the video monitor was turned off to eliminate the task goal and direct attention to the movement of their affected arm during training. See figure 2B for the IF practice condition.
Participants received EF-or IF-specific verbal instructions at the start of the study and subsequently during regular breaks every 80 repetitions throughout the training. Everyone practiced the same arm movement pattern ( fig 2C) regardless of group assignment throughout the study. The InMotion ARM provided performance feedback scores to both groups every 80 repetitions on the amount of assistance provided, rate of initiation, and distance from the target. The haptic and performance feedback helped both groups refine their movement patterns. Both groups were assigned equivalent doses: 960 repetitions per treatment over 12 sessions. All participants wore a seat belt with shoulder/hip straps to promote neutral trunk alignment and minimize compensatory forward trunk movement during reaching.
Primary outcome measures
Kinematic and clinical outcomes were measured at baseline, discharge, and 4-week follow-up. Joint independence, a kinematic
List of abbreviations:
EF external focus FMA Fugl-Meyer Assessment IF internal focus WMFT Wolf Motor Function Test parameter assessed by a circle drawing task on the InMotion ARM, provides precise objective data with a resolution of 0.1mm for position 20, 21 and is predictive of upper extremity clinical measures such the FMA. 21 It measures the joint angle correlation between !2 joints and indicates the degree of coordination between multiple joints. 21 A decrease in the correlation between 2 joints indicates more independent movement and better motor control of individual joints. 22 To rule out any testing effects during the assessment, 10 joint independence was assessed under both the EF training and IF training conditions.
The FMA upper extremity subscale is widely used in research and clinical settings to measure change in motor impairment after acute and chronic stroke. 23 It has excellent inter-and intrarater reliability and construct validity. 23 Scoring is based on a 3-point ordinal scale from 0 to 2, and a total score of 66 is determined from the sum of all items. 24 In our study, we used a total score of 60 because 6 points measure the presence of reflexes, which is considered a separate construct. 25 Moderate and severe arm impairment were defined by FMA scores of 20 to 47 and 1 to 19, respectively. 25 The WMFT consists of 15 performance-based items and 2 strength items, reflecting impairment and activity-level tasks. 26 It has high interrater and test/retest reliability, internal consistency, adequate stability, 27 and good construct and criterion validity. 28 Items are scored on performance time and/or a 6-point ordinal scale measuring functional ability. The final score is the mean of individual task scores. 26 This study used functional ability scores and not performance time scores. All primary outcomes were assessed by an experienced occupational therapist uninvolved with the arm training and unaware of participants' group assignment.
Secondary outcome measure
The Manipulation Check Questionnaire, based on a previous study, 17 was administered every week (4 times total) to verify 
Statistical analysis
A power analysis was performed a priori using the G*Power (V3.1) software. 29 ,c A mixed, repeated-measures analysis of variance was selected with a medium effect size of .25 (based on previous robotics studies using the FMA as a primary outcome [30] [31] [32] ), power of 0.8, a level of .05 (2-tailed), 2 groups, 3 measurements, a correlation among repeated measures of 0.5, and nonsphericity correction equal to 1. The total sample size was calculated as 28. Thirty participants were estimated to adequately test the hypothesis.
Results
Sixteen women and 14 men with an average age of 58.1AE12.6 years and average time since a stroke of 5.08AE3.44 years completed the study. Thirty-three participants were enrolled in the study with 3 early withdrawals for a final sample size of 30. Two participants withdrew because of transportation difficulties. One participant was withdrawn because of complaints of increased muscle stiffness and finger numbness during arm training. Session lengths ranged from 30 to 90 minutes based on the motor ability of the participant. The EF group completed on average more repetitions per treatment session (mean, 935.1) than the IF group (mean, 883.8). See table 1 for complete demographic data and  table 2 for descriptive data of outcome measures.
There were no between-group differences for joint independence at discharge or follow-up, indicating no interaction effect for attentional focus between the 2 treatment groups. However, there were significant within-group differences for joint independence EF condition and joint independence IF condition ( established minimal clinically important difference scores for joint independence; however, the relative changes from the total score for joint independence EF condition and joint independence IF condition were the following: 6.7% and 9.2% increase from baseline to discharge and 8.5% and 12% increase from baseline to follow-up, respectively. Figure 3 illustrates 4 total conditions: the relation between the 2 treatment groups across time under both the EF and IF practice conditions. There were no between-group differences for the FMA and WMFT at discharge or follow-up, indicating no interaction effects of attentional focus (figs 4 and 5). Scores for the FMA and WMFT were significant within groups across time (F 2,56 Z27.83; P<.0005; partial h 2 Z.50; F 2,56 Z15.14; P<.0005; partial h 2 Z.35, respectively). Bonferroni-adjusted post hoc tests indicated significant improvement from baseline to discharge and baseline to follow-up for the FMA and WMFT (P<.0005, P<.0005; PZ.002, and P<.0005, respectively), with no significant differences from discharge to follow-up (PZ.364 and PZ.367, respectively). See table 3 for details. Time accounted for 50% and 35% of the variance in change scores for the FMA and WMFT, respectively, controlling for attentional focus. Improvements did not reach minimal clinically important difference levels for both outcomes.
For the Manipulation Check Questionnaire, the EF group rated responses that were more externally focused in nature (mean, 3.17) than the IF group (mean, .85), and this was statistically significant (t 28 Z8.75, P<.005). The IF group rated responses that were more internally focused in nature (mean, 3.21) than the EF group (mean, 1.41), and this was statistically significant (t 28 Z5.11, P<.005). Participants in both groups reported thinking about other things (eg, "my next meal," "what I have to do for the rest of the day," "am I doing this right?"). The EF group had an average score of .72, and the IF group had an average score of 1.07. This difference was not statistically significant.
Discussion
To our knowledge, this is the first study to investigate the effects of EF versus IF after 12 sessions of arm training in individuals with severe and moderate arm impairment after chronic stroke. We hypothesized that the EF group would have greater retention in joint independence, FMA, and WMFT at follow-up compared with the IF group. The study results did not support our hypotheses. There was no differential effect of attentional focus for participants at discharge or 4 weeks after training. Regardless of attentional focus, all participants improved at the same rate and maintained the improvements for at least 4 weeks. Manipulation Check Questionnaire results demonstrated that participants were mostly compliant with their assigned attentional focus, and thought about other things at a lower frequency.
Our results were consistent with a recent study by Kal et al, 19 suggesting that individuals with stroke may not learn motor skills in the same way as healthy populations. Our results contradicted much of the established literature regarding the healthy population and the constrained action hypothesis, which favors EF over IF during motor skill training. 12, [33] [34] [35] [36] [37] [38] [39] According to the constrained action hypothesis, EF elicits better performance in healthy individuals because it increases the coherence of sensory input and effector output, improving the coupling of the agonist/antagonist Abbreviations: DV, change in absolute value of outcome variable; 1/2, P value from baseline to discharge; 2/3, P value from discharge to follow-up; 1/3, P value from baseline to follow-up; Jtindep-EF, joint independence EF condition; Jt-indep-IF, joint independence IF condition; Sig, significance. * Greenhouse-Geisser coefficient used to interpret within-subject effects for Jt-indep-EF because of significant Mauchly test.
y P value significant at .05 level. muscles; IF interrupts the sensory input and constrains the effector output hindering motor coordination. 6 The presence of disease or age can disrupt and compromise this sensorimotor integration. 40, 41 Individuals with moderate-tosevere arm impairment after stroke experience a disruption in the effector output associated with hemiparesis of the affected arm. Weakness in the muscles of the shoulder, elbow, wrist, and hand is common for people with moderate-to-severe motor impairments. This pattern of hemiparesis contributes to difficulties with active movement and motor control of movement patterns (eg, forward reach, elbow extension, wrist/finger extension).
Based on the Manipulation Check Questionnaire, 33% of participants in the EF group reported switching from EF to IF when practicing reaching patterns that were difficult to achieve. They specifically thought about straightening their elbow when attempting to increase horizontal shoulder flexion and horizontal shoulder abduction. It is possible that participants with moderateto-severe arm impairment may benefit from adopting an IF when practicing challenging motor skills to facilitate improved effector output. This could be a possible explanation for why we did not detect an advantage for adopting an EF during training.
Another possible explanation comes from recent studies in stroke rehabilitation supporting the idea that regardless of intervention type, participants tend to achieve similar gains in upper and lower limb training if the interventions are dose-matched. [42] [43] [44] It is worth noting that the participants in the EF group completed more repetitions per session (mean, 935.1) than the IF group (mean, 883.8). Reasons for reduced dosage for both groups included arriving late/transportation issues and complaints of fatigue (especially during early sessions; this improved over time as subjects got used to the protocol). It is possible that the IF group was more prone to fatigue than the EF group because the EF practice conditions were more dynamic. However, the similar rate of improvements in both groups suggests that the dosage difference did not affect results. The relatively comparable amount of repetitions practiced per treatment group may be the best explanation for why both groups improved in the same manner and suggests that the amount of practice was more determinant of motor learning and retention than the type of attentional focus used during training.
Study limitations
A primary limitation for studies involving attentional focus is the lack of an objective measure to determine what someone is paying attention to while performing a motor task. We used a qualitative questionnaire to address this limitation. Interestingly, during the training period, both groups reported thinking about a combination of EF and IF aspects of the task, and many of the participants thought about unrelated things (eg, their schedule, their next meal). The results from the Manipulation Check Questionnaire demonstrate that strict compliance to one type of attentional focus may be difficult to achieve in studies that require an extended training period with a significant number of sessions. Detectable changes between the EF and IF groups may have been limited because standardized robotics training provided all participants haptic and performance feedback throughout the training. The additional feedback may have diminished the effects of attentional focus. Additionally, our selected treatment did not yield clinically significant improvements overall. A training approach with more robust effectiveness may produce more definitive results when comparing EF and IF groups. The results apply to individuals with moderate-to-severe upper limb impairment. It is unknown how attentional focus affects the retention of motor improvements in individuals in the acute phase of stroke, lower limb impairment, or mild upper limb impairment.
Wulf and Lewthwaite 7 recently introduced a new theory called Optimizing Performance Through Intrinsic Motivation and Attention for Learning, which describes motor behavior within the context of the learner's motivation and attention. The authors have expanded on the constrained action hypothesis by adding intrinsic motivation and its underlying components along with attentional focus as contributing factors for acquiring new motor skills. 7 The components of intrinsic motivation were not addressed or controlled for in our study; therefore, we cannot comment on how motivation may or may not have influenced our results.
Directions for future research
Subsequent studies should investigate the effects of attentional focus on the retention of motor improvement for individuals with mild arm impairment and lower limb impairment after stroke. A treatment approach with robust clinical effectiveness should be selected as the underlying motor training protocol.
Conclusions
There were no differences in retention of motor skills between EF and IF participants 4 weeks after arm training, suggesting that individuals with moderate-to-severe arm impairment may not experience the advantages of EF found in healthy individuals. Attentional focus is most likely not an active ingredient for retention of trained motor skills for individuals with moderate-to-severe arm impairment, whereas dosage and intensity of practice appear to be pivotal.
